Abstract. Elongation factor 1 a (EFlt~) is an abundant protein that binds aminoacyl-tRNA and ribosomes in a GTP-dependent manner. EFlct also interacts with the cytoskeleton by binding and bundling actin filaments and microtubules. In this report, the effect of purified EFIot on actin polymerization and depolymerization is examined. At molar ratios present in the cytosol, EFla significantly blocks both polymerization and depolymerization of actin filaments and increases the final extent of actin polymer, while at high molar ratios to actin, EFlot nucleates actin polymerization. Although EFlct binds actin monomer, this monomer-binding activity does not explain the effects of EFlot on actin polymerization at physiological molar ratios. The mechanism for the inhibition of polymerization is related to the actin-bundling activity of EFlot. Both ends of the actin filament are inhibited for polymerization and both bundling and the inhibition of actin polymerization are affected by pH within the same physiological range; at high pH both bundling and the inhibition of actin polymerization are reduced. Additionally, it is seen that the binding of aminoacyl-tRNA to EFla releases EFlet's inhibiting effect on actin polymerization. These data demonstrate that EFI~t can alter the assembly of F-actin, a filamentous scaffold on which nonmembrane-associated protein translation may be occurring in vivo.
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LONGATION factor 1 et (EFltx) 1 is an essential component of the protein synthetic machinery but is expressed in molar excess to its known ligands in the protein synthetic machinery, such as specific aminoacyl-tRNAs and elongation factor 13/'t (Slobin, 1980) . EFla has been isolated as an actin-binding and -bundling protein from Dictyostelium originally named ABP-50 . Sequence analysis demonstrates that is Dictyostelium EFlet and is capable of catalyzing protein synthesis in vitro (Yang et al., 1990) . The discovery that EFlot binds actin with nano-to micromolar affinity in physiological buffers (Dharmawardhane et al., 1991; Bektas et al., 1994; Edmonds et al., 1995) and is present at a cytosolic molar ratio of 1:4 for EFlodactin suggests that most of the EFlct within cells should be associated with actin. Indeed, EFla is found associated with the actin cytoskeleton by immunofluorescence (Dharmawardhane et al., 1991; Collings et al., 1994; Edmonds et al., 1995 Edmonds et al., , 1996 and electron microscopy (Bassell et al., 1994a; Liu et al., 1996a ). Antibodies to EFla coprecipitate actin from whole cell extracts in approximately a 1:2 molar ratio of EFlct/actin. Additionally, it has been shown that EFlet binds actin monomer that is cross-linked to Sepharose beads (Dharmawardhane et al., 1991) .
Much of the protein synthetic machinery, including EFlet, is found in association with the actin cytoskeleton (for review see Condeelis, 1995) . The consequences of the interaction of the protein synthetic machinery with actin is unknown. It appears that the protein synthetic machinery does not exist in a freely diffusing form in eukaryotic cells (Stapulionis and Deutscher, 1995) , and many reports have been published on the transport and anchorage of mRNA on the actin cytoskeleton (Bassell et al., 1994b) . EFlot, EFI-13 (personal communication, Marcus Fechheimer, University of Georgia), EF-2, mRNA, and ribosomes are also associated with the actin cytoskeleton as shown in vivo by immunofluorescence, electron microscopy, in situ hybridization, and in vitro by biochemical methods (Zambetti et al., 1990a,b; Dharmawardhane et al., 1991; Shestakova et al., 1993; Bassell et al., 1994a; Bektas et al., 1994 ). Actin appears to provide a means to transport and anchor this nondiffusible machinery in specific regions of a cell and this in turn may localize protein product (Kislauskis et al., 1994) . Actin filaments may also participate in the channeling of essential metabolites during polypeptide elongation (Condeelis, 1995) .
EFIot is the most abundant component of the protein synthetic machinery and a very abundant actin-binding protein. Therefore, its ability to influence the assembly
Polymerization Assays
Polymerization buffer (PME) contained 20 mM Pipes, 2 mM EGTA, 2 mM MgCI2,1 mM ATP, i mM DTI', 0.02% NAN3, 50 mM KCI, and 50 nM free calcium. If not otherwise specified, PME was at pH 6.5. This buffer contains physiological concentrations of monovalent salts that have been measured in amebas as ~50 mM (Matin and Rothman, 1980) . Small volumes of buffer A and a storage buffer enter the reactions along with G-actin and EFla. A constant free calcium concentration was maintained by adjusting 10x PME stocks according to conditions prescribed by a metal chelation computer program incorporating EGTA/EDTA, H +, nucleotide, and divalent cation concentrations (from Dr. Toshikazu Hamasaki, Albert Einstein College of Medicine). Because potassium hydroxide was added to raise the pH, the final solutions were brought to the same ionic strength by addition of potassium chloride as confLrmed by electrical conductivity. At equal conductivity, a total of 50 mM potassium had been added to the buffers as both KOH and KCI. Other variations (e.g., small differences in glycerol concentration) were compensated for using ¢t storage buffer controls.
Polymerization of actin was monitored by pyrene (5-10% labeled) fluorescence (excitation 365 nm, emission 407 nm) using either an SLMS000 (SLM/Aminco, Urbana, IL) or a Hitachi F2000 fluorimeter (Mountain View, CA). In unseeded polymerization experiments, actin polymerization was initiated by the addition of pyrene actin to a cuvette containing PME buffer and either EFla or a storage buffer. In seeded polymerization experiments, 1.5 p~M G-actin and various concentrations of EFla (or control buffer) were incubated for 3 min, at which time 0.5 ixM of sheared (by vortexing) actin filaments were added to the cuvette. In depolymerization experiments, EFla (or control buffer) was added to aliquots of F-actin 3 rain before dilution. Depolymerization was initiated by a 50-fold dilution of 1.5 p~M F-actin into PME buffer containing predilution concentrations of EFla or control buffer. Polymerization and depolymerization rates were determined by the slope of a linear regression to the first 20 s of the reaction. The reactions were performed at 22°C or room temperature.
Geisolin-capped Filaments
5 p.m actin was polymerized with 0.2 IxM gelsolin (a generous gift from Dr. Toshi Azuma, Brigham and Women's Hospital, Boston MA) in a buffer containing 2 mM rids, pH 7.5, I mM MgC12, 0.02% NAN3,10 mM KCI, and 100 p~M CaCI2. This was used as a 10× stock of seeds to start polymerization reactions as above. After equilibration to steady state (18 h), the fluorescence from these reactions was used in Fig. 6 c. PME buffer was adjusted to 100 p~M CaCI2 in steady-state experiments using various concentrations of gelsolin (Fig. 6, a and b) to ensure that the gelsolin was fully active.
Monomer Binding
We followed a procedure similar to that of Lee and Pollard (1988) . A cuvette containing the maximal concentration of EFI~ and 0.05 IxM pyrene actin was repeatedly diluted into 0.05 IxM pyrene actin, 1X PME, and the proper amount of ct storage buffer to ensure that the only constituent changing during the dilution was EFla. After a 2-rain equilibration pause, the fluorescence was measured at excitation 344 nm and emission 386 nm. In addition, we measured light scattering at 344 nm, which produced a linear signal versus EFlct concentration and assured us that nothing (such as inner-filter effects or other technical problems) was interfering with the excitation signal. The data of Fig. 3 were fit (Origin computer software; Microcal Inc., Northampton, MA) to a bimolecular binding isotherm according to the expression:
where Y equals the fraction of bound actin, X equals the free EFlct concentration, and P1 and P2 are standardizing variables (P1 is the maximal change and P2 is the background value). The maximal change in fluorescence was set to 1 and the data were replotted as fractional approach to this number as shown in Fig. 4 . Some monomer-binding experiments contained 0.1 p~M DNAse (Worthington Biochemical Corp., Freehold, NJ) whose actin binding activity was confirmed in actin polymerization experiments (not shown). The magnitude of fluorescence change in the monomer-binding assay was compared to a standard curve for F-actin pyrene fluorescence under identical conditions. The maximal fluorescence associated with the binding of 0.05 p,M actin monomer gave a signal that was equivalent to the polymerization of 0.003 I~M pyrene actin.
Mechanisms for the Inhibition of Actin Polymerization by EFl a
Monomer-sequestering Mechanism. A curve showing the effect of EFla on actin polymerization if EFlct were sequestering actin monomers (Fig. 5  a) was generated using a monomer binding equilibrium expression (2) and the actin polymerization rate expression (3).
The monomer binding equilibrium expression:
Rate Acfm
[EFlet. G-acfin] ) -k_ )
The percent inhibition of the initial rate of actin polymerization (see Fig. 5 a) is calculated according to the expression:
Rate Actm
where RateA~m is the polymerization rate in the absence of EFlct and RateActm + EFI~ is the polymerization rate in the presence of EFlot.
In the presence of a monomer-sequestering EFlct, this reduces to:
Eq. 6 was solved for the concentrations shown in Fig. 5 a using 
Note that Eq. 8 is in the form of a standard binding isotherm such as Eq. 1. In this case, the total concentration of EFlet is about 1,000-fold greater than the concentration of filament ends and therefore, [EFhx] ~ [ E F lct ] total.
In the presence of our hypothetical capping protein that caps both ends of the actin f'dament with the same affinity, the actin polymerization rate expression (3) becomes: (9) and the percent inhibition of actin polymerization (Eq. 5) reduced to: [ EFlct. End] [End] t~ This is the same as the left side of Eq. 8, and therefore we modeled the activity of a capping protein using the bimolecular binding isotherm of Eq. 1.
Bundling Mechanism. The curve showing the effect of EFlot on actin polymerization (see Fig. 5 a) if EFI(x were inhibiting actin polymerization through a bundling mechanism was generated by considering two features: bundling and end-burying. The bundling feature assumes that an actin filament must contain a certain amount of bound EFI~t to rapidly form bundles, that is, to become a bundle-competent filament. The end-burying feature assumes that filament ends within a bundle become buried (hidden from solution and/or annealed) at a particular rate as the bundles form.
In Fig. 5 a, the inhibition of actin polymerization is plotted as a function of the total amount of EFlcx. Using the K d for the binding of EFlct to F-actin of Edmonds et al. (1995) 
KdF-~ = [EFIct. F-actin] "
Substituting the total protein concentrations:
[ Using the light scattering data of Fig. 5 b and Eq. 10, we calculated that the amount of EFlct bound to F-actin required to give a rate of bundle formation >0 was ,-,0.31 bound EFlct per F-actin subunit (0.25 p.M
[EFla]tot, 0.5 p.M [F-actin] tot). We took the value of 0.31 to be the overall ratio of bound F-actin subunits to total F-actin subunits required for bundle formation. To determine the distribution of filaments that would have enough bound EFlct to be bundle competent, we used Bernoulli's probability distribution and considered that the F-actin behaves statistically like a collection of filament hefical crossovers, or 13 monomer subunits.
The Bernoulli equation (e.g., Feynman et al., 1963) :
If the population of helical crossovers each contain n = 13 subunits, then this equation gives the expected fraction of helical crossovers that would contain k bound subunits given an overall total fraction ofp bound subunits; that is, p is the overall fraction of bound F-actin subunits, q is the overall fraction of unbound F-actin subunits (l-p), n is the total number of F-actin subunits in a helical crossover, and k is the number of bound subunits in the crossover. Therefore, to determine the fraction of helical crossovers that are expected to have at least 0.31 bound F-actin subunits per total F-actin subunits (4 bound F-actin subunits per 13 total F-actin subuhits), we summed the frequencies of finding <4 bound F-actin subunits per 13 total F-actin subunits for any given overall fraction of bound F-actin subuhits (from Eq. 10) and subtracted this from 1, i.e., we set n = 13, and k = 0,1, 2, 3. The fraction of bundle-competent filaments (BCF) is then:
[ F-actin]
We found by increasing the shear of free filaments as well as by increasing the molar ratios of gelsolin to actin in gelsolin-capped filaments that a greater number concentration of filament ends caused a greater inhibition of actin polymerization by EFlcc Because a first-order loss-of-fflamentend rate constant does not account for this, we used a second-order rate constant similar to the annealing mechanism of Kinosian et al. (1993) . The rate of change in the number of filament ends per second (ignoring any back reaction) can be given by: [End]tot~ is the number concentration (0.6 nM), measured using the known ATP barbed end polymerization rate constants (Pollard and Cooper, 1986 ) and the calibrated polymerization rate. The rate of actin polymerization in the presence of EFlcx is then:
and the inhibition of actin polymerization (5) in the presence of EFlct reduces to:
(16) [End] t is the time at which the polymerization rate is measured (20 s). The rate constant for burying the filament ends that best approximated the observed data was 250 p.M -1 s -1. The curve for the inhibition of actin polymerization (Fig. 5 a) was generated by repeatedly solving these equations for various concentrations of [EFla]to~l.
Light Scattering
Samples containing various concentrations of EFlct in PME buffer were rapidly mixed and placed in a fluorimeter (model F2000; Hitachi Sci. In-strs.), and the amount of scattered light was measured at 600 nm venus time. A tangent drawn to the first 8 s of the reaction was used to indicate the rate of the reaction in arbitrary units.
Sedimentation Assay
Aliquots of spontaneously polymerizing actin or actin polymerized to steady state were spun in a Beckman Airfuge at 28 p.s.i. (140 g) for 20 rain. The amount of actin remaining in the supematant was measured by SDS-PAGE densitometry using NIH-Image (version 1.47; written by Wayne Rasband, available via the internet at sippy.nimh.nih.gov). The snpematant amount was compared to an actin standard curve and subtracted from the amount of actin in the initial mixture giving a measure of F-actin. We found it more reproducible to measure the amount of actin in the supernatant rather than the pellet.
DNAse Assay
Conditions for the assay were similar to those described elsewhere (Cooper and Pollard, 1982) . DNAse I (Sigma Chemical Co.) was freshly made at 0.1 mg/mi in 50 mM Tris, 100 mM CaC12,10 p+M PMSF, 20 IxM phallacidin (Molecular Probes, Eugene, OR), pH 7.5. Calf thymus DNA (Sigma Chemical Co.) was stored in 100 mM Tris, 4 mM MgSO+, 100 mM KCI, 1.8 mM CaCI2, 0.02% NAN3, pH 7.5, at 40 p+g/mi. Aliquots from spontaneously polymerizing samples were mixed with DNAse I and the increase in OD~0 over time was used to indicate DNAse activity. The amount of G-actin was determined by extrapolation on a standard curve. The standard curve was performed on the same day by incubating serial dilutions of a 2:1 molar ratio of G-actin to EFlct (the same ratio as the assay) in G buffer (2 mM Tris, 0.2 mM ATP, 0.5 mM DTr, 0.2 mM CaCI2, NaN 3, pH 8.0). In control experiments, it was found that DNAse activity was equivalent when mixed with either G buffer or PME buffer.
Negative Staining
Polymerizing samples identical to those of Fig. 5 a were placed on 300 mesh parlodian grids and immediately stained with 1% uranyl acetate that had been passed through a 0.2 p.M Millipore filter and stored on ice. Depolymerizing samples were treated in the same manner; however, to increase the number of filaments, a 10-fold dilution was used to produce a final concentration of 0.8 p+M in the presence of 1.5 p.M EFla. Grids were placed under vacuum for at least 20 rain before visualization under a transmission electron microscope (model JEM 100 CX If; JEOL USA, Inc., Peabody, MA).
Results

EF1 ~ Inhibits the Rate of Actin Polymerization at
Molar Ratios Present in the Cytosol
EFla constitutes 1-7% of the total cell protein of mitotically active cells (Slobin, 1980; Demma et al., 1990) . As EFla is an actin-binding protein, this abundance suggests that EFlet could influence the assembly properties of actin within cells. Fig. 1 shows that EFlot significantly inhibits actin polymerization at a molar ratio of EFla/actin (1:2), which was chosen to approximate the ratio of EFla/Gactin in Dictyostelium cytosol (75:180 Ixm; Hall et al., 1988; Dharmawardhane et al., 1991) . Fig. 1 , b and c, shows the effect of EFla on actin polymerization using high-speed sedimentation and DNAse inhibition. These assays confirm that the fluorescence data presented in Fig. 1 a is not an artifact of an interaction between EFlet and the pyrene fluorophore. The small differences between the data of Fig. 1 arise for technical reasons; actin sediments differently when bound to EFla, whereas DNAse activity had a standard deviation in the time component estimated at 1-2 min. Therefore the differences between the pyrene and DNAse data are not significant.
To confirm that our activity was not due to a contami- nant, we assayed the activity of Dictyostelium EFlet expressed and purified from Escherichia coli as a GST fusion protein (see Liu et al., 1996b) . This recombinant protein also inhibited actin polymerization, whereas the GST protein alone did not (data not shown).
These experiments demonstrate that EFlet can inhibit actin assembly. Furthermore, they demonstrate that the pyrene fluorescence assay provides an accurate measure of actin polymer formation in the presence of EFlot. Fig. 2 shows the effect of increasing concentrations of native Dictyostelium EFI~t on actin polymerization. Spontaneous polymerization of actin is characterized by a sigmoidal curve ( Fig. 2 ; 0.0 ~M EFlet) where an initial lag is present due to the slow rate of formation of actin nuclei.
As seen in Fig. 1 , EFlot inhibits actin assembly. However, the presence of high molar ratios of EFla to actin eliminates the lag phase of polymerization, causing the sigrnoidal curve of actin polymerization to become hyperbolic. This suggests that there is an increase in the amount of nuclei at the onset of polymerization in the presence of EFlet. The nucleating effect is concentration dependent in that higher concentrations of EFlet cause greater initial rates of actin polymerization. However, the inhibitory effect of EFla on actin polymerization still appears to be present at these higher concentrations as seen at time points beyond 450 s when all of the samples containing EFlot have less F-actin compared to the actin alone sample.
EFl a Blocks Polymerization at Both the Barbed and Pointed Ends of Actin Filaments
About 90% of polymer growth occurs at the fast growing, barbed end of actin filaments (Pollard and Cooper, 1986) . Because of the dramatic decrease in polymerization rate seen in Fig. 2 , it is evident that EFlet can reduce the rate of polymerization from the barbed end. To look at the effect of EFlet at the slow-growing pointed ends of actin filaments, bacterially expressed human gelsolin was used to cap the barbed ends of actin filaments, and these filaments were then used to initiate actin polymerization reactions. Several experiments of this kind are presented in Fig. 3 , and these indicate that EFlot also reduces the polymerization rate at the pointed ends of actin filaments. Control experiments showed that inclusion of additional gelsolin had Time (sec) Figure 3 . The effect of EFI~ on gelsolin-capped actin filaments.
Gelsolin-capped filaments containing 0.5 p,M actin and 0.02 p~M gelsolin were used to initiate the polymerization of 1.5 p,M G-actin in PME buffer and various concentrations of EFlct. Polymerization curves axe shown for six different concentrations of
2.0 p,M.
no effect on actin polymerization, indicating that free barbed ends were not generated during the experiment (not shown). Unlike the effects of EFlot on actin polymerization in the absence of gelsolin, the inhibition of the rate of actin polymerization from gelsolin-capped filaments is apparent only after the reaction has proceeded for 20-30 s. This delay was not dependent on the concentration of EFI(x and therefore does not appear to be a binding step of EFlot. As for polymerization in the absence of gelsolin, the degree of polymerization inhibition is concentration dependent. Maximal divergence from the control curve occurs at 0.5 IxM EFI~t, the same concentration responsible for maximal inhibition of polymerization in the absence of gelsolin (see Fig. 5 a) . We also observed a greater divergence in the curves when the gelsolin/actin ratio was increased, that is, when the filaments were shorter and the overall reaction rate (in the control) was faster (data not shown).
Monomer Binding
Binding of EFlot to actin monomer has been observed previously (Dharmawardhane et al., 1991) ; however, we needed to know if EFlot was binding to actin monomer under conditions where it inhibits actin polymerization. We used the method of Lee and Pollard (1988) to measure binding to G-actin in solution (Fig. 4) . EFlet causes an increase in G-actin pyrene fluorescence as measured at excitation 344 nm and emission 386 nm, and this increase in fluorescence conforms to a parabolic curve when the concentration of EFlet is varied and corresponds to monomer binding. The experiment was repeated using EFI~t bound to GTP and GDP, and these data were fit to bimolecular binding isotherms resulting in the following equilibrium dissociation constants: 1.4, 0.7, and 3.9 p,M for EFlet 1.0. (freshly isolated), EFlot-GDP, and EFlot-GTP, respectively. These results suggest that freshly isolated EFlot is a mixture of GTP and GDP forms.
To rule out the possibility that the fluorescence increase is due to polymerization of G-actin, we used a concentration of G-actin (0.05 p,M) well below the critical concentration for polymerization. Additionally, the fluorescent signal was calibrated in terms of actin polymer fluorescence, and finally the binding experiment was repeated in the presence of DNAse. The fluorescence calibration demonstrated that the maximal fluorescence signal increase was equivalent to about 3 nM F-actin, much less than expected if the actin were polymerizing. Furthermore, DNAse did not prevent the increase in fluorescence seen in the presence of EFlot, demonstrating that changes in fluorescence were not due to actin polymerization. Although we did not pursue these competition experiments further, this result suggests that EFlot and DNAse are binding to different surfaces of the actin monomer.
Quantitative Analysis of the Inhibition of Actin Polymerization by EF1 a
To quantitate the effect of EFlot on rapidly polymerizing actin, we initiated actin polymerization from preformed, sheared actin filaments. Fig. 5 a shows a plot of the percent inhibition of the initial rate of actin polymerization versus the concentration of EFlot. EFlot significantly inhibits the initial rate of actin polymerization at substoichiometric levels to G-actin. Using the I~ derived from Fig. 4 , we plotted the expected amount of inhibition if EFla were sequestering actin monomers (open squares). Furthermore we plotted the result expected if EFlot were sequestering two actin monomers for every one EFlot molecule (crossed squares). Neither of these mechanisms could account for the extent of inhibition seen at low concentrations of EFla. We also plotted the best fit to the observed data if EFlot were inhibiting actin polymerization by capping both ends of the actin filament (Fig. 5 a, solid 
line).
This curve is very similar to what would be observed for a barbed-end capping protein except that the maximal percent inhibition of a barbed-end capping protein would be ,-.,90% and that of a double-end capping protein would be 100%. Note that the double-end capping model shows better agreement with the observed data than the monomer sequestering models. However, the double-end capping model cannot account for the 80% inhibition seen at 0.5 p,M EFIot and still account for the 20-30% inhibition seen at 0.25 p~M EFlot, no matter what the affinity of the capping protein for the ends of the filament (the curve shown here is the best fit, which gave a Kd of 0.34 I~M). That is, the shape of the curve of this model is distinctly different from that of the observed data. In addition, the capping model plateaus at 100% inhibition, whereas the observed data plateaus at 78% inhibition. Attempts to model the observed data with a capping protein that has different affinities for the barbed and pointed ends showed little improvement over the capping model in Fig. 5 as these models saturate at 100% inhibition of actin polymerization.
In several sets of experiments performed with a lower number concentration of actin filament ends compared to Fig. 5 a, the extent of the inhibition of the initial rate of polymerization reached a maximum at 60% or less (see Fig. 8 ). Therefore, this quantitative analysis suggests that EFlot does not inhibit actin polymerization through capping of the filament ends. However, because EFlot can alter the rates of actin polymerization at substoichiometric molar ratios to G-actin (for example in Fig. 5 a, 0 .44 FtM EFlot inhibited the rate of 1.5 ~M G-actin by 75%), the actual mechanism likely involves the blockage or loss of filament ends rather than some effect on actin monomer.
We generated a curve for the inhibition of actin polymerization by EFlot according to a bundling mechanism (Fig. 5 a, open circles) . This mechanism assumes that as filaments are cross-linked and enter a bundle their ends become annealed and/or sterically buried from solution.
Intuitively, the mechanism explains the data in Fig. 5 a as the maximal percent inhibition of actin polymerization (Fig. 5 a) is determined by the rate at which the filament ends are annealed/buried from solution, i.e., it is determined by the loss-of-filament-end rate constant and the concentration of filament ends (see Materials and Methods). Therefore, the percent inhibition is expected to saturate at a value that is below 100% and dependent on the initial concentration of filament ends. On the other hand, the cooperative appearance of Fig. 5 a is explained because a "critical fraction" of bound EFlot is required for actin bundling. This minimal ratio was measured at 13 F-actin subunits per 4 EFlot-bound F-actin subunits (Fig. 5 b) and is therefore comparable to a hill coefficient of cooperativity of 13/4 = 3.25.
A value of 250 p,M -1 s -1 for the rate constant for the loss of filament ends was found by fitting the model to the observed data, whereas the amount of F-actin that has attained the critical fraction of bound EFlot was found by measuring the critical molar ratio required for bundling (Fig. 5 b) ( Edmonds et al., 1995) . A statistical distribution of the F-actin population was also incorporated into this model (see Materials and Methods). The large value of the rate constant for the loss of filament ends arises mathematically because the rate constant is second order to the number of filament ends, which are at low concentration (0.6 nM). However, bundling of actin filaments by EFlet causes the filaments to cross-link and align, and therefore the interaction of the filament ends is not dependent on their diffusion through solution. Samples identical to those of Fig. 5 a were negatively stained and viewed by electron microscopy and photographs of these results are shown in Fig. 5 , c and d. By 20 s after the addition of filament seeds to samples containing G-actin and EFlet, the samples already contained numerous bundles with 2--6 actin filaments. In addition, filaments that are not yet bundled often appear ordered into parallel arrays, indicating that EFla was affecting their organization. In contrast, the control experiments showed a random ordering of single actin filaments. This demonstrates that EFlct is cross-linking F-actin at early times during these polymerization experiments and suggests that ilia-ments within the bundles contribute to polymerization at these early times.
The Effect of EFl a on F-Actin at Steady State
When actin is polymerized to apparent equilibrium (steady state), a small portion of the actin will remain unpolymerized (the critical concentration). Monomer-sequestering proteins will increase the apparent critical concentration by binding actin monomer in a way that is competitive with polymerization. Barbed end capping proteins will also increase the apparent critical concentration by shifting the critical concentration from that of the barbed end (~43.2 IxM) to that of the pointed end (~4).6 p,M). To determine if EFI~t behaves like either of these classes of proteins, actin was polymerized to steady state in the presence or absence of EFI~t, and the actin critical concentration was measured by pyrene fluorescence and high-speed sedimentation. The results shown in Fig. 6 indicate that EFla decreases the actincritical concentration in a manner that is dependent on the concentration of EFlot. For comparison, gelsolin was included in these assays (open circles), and as expected, gelsolin caused the actin critical concentration to increase to a value near 0.6 p~M. The effect of EFlet on actin critical concentration was also measured on getsolin-capped filaments (Fig. 6 c) . . These curve fits are considered approximations due to the level of noise in the assay and their unspecified (free floating) maxima and minima but are consistent with the Kd measured for the binding of EFlet to -F-actin under similar buffer conditions (Edmonds et al., 1995) .
The Effect of EFt a on Actin Depolymerization
-Since EFI~t inhibits actin polymerization but also decreases the actin critical:concentration (i.e., drives monomer into filament), we expected that EFla would also inhibit actin depolymerization. A representative depolymerization curve (Fig. 7 a, inset) demonstrates that EFla inhibits the rate of depolymerization. The data were plotted as the percent inhibition of initial actin depolymerization rate versus the concentration of EF10t (Fig. 7 a, filled circles) . The electrma micrographs shown in Fig. 7 b demonstrate that actinEFlot bundles are formed during the 3-min incubation period before depolymerization and that these bundles persist during depolymerization and are presumably the species that is resistant to depolymerization.
The Effect of pH on the Interaction between EF1 ~ and Actin
Measurements of the pH of Dictyostelium cytoplasm indicate a broad range of values between 6.0 and 8.2 with a median between 6.8 and 7.2 (Satre et al., 1986; Furukawa et al., 1988 Furukawa et al., , 1990 Fig. 8 show that the inhibition of actin polymerization by EFla is affected by pH in the same manner as the bundling of F-actin by EFlct. At low pH, the inhibitory activity is on while at high pH this activity is off. Accordingly, the data has been fit to sigmoidal curves to indicate the transition from the on to off state, which occurs around pH 7.0.
The Effect of Ami~l-tRNA
During protein translation, EFla binds aminoacyl-tRNA and this complex interacts with the active ribosome. In vitro when EFlct binds to GTP, the GTP-EFla complex will bind to aminoacyl-tRNA to form a stable EFlc~-GTPaminoacyl-tRNA ternary complex. Liu et al. (1996b) have shown that ternary complex formation inhibits EFlc~'s F-actin-bundling activity, suggesting that the aminoacyltRNA-binding site overlaps with at least one of the F-actinbinding sites on EFla. Therefore, we measured the effect of aminoacyl-tRNA bound EFlct on actin polymerization. The results (Fig. 9) show that both EFlc~ and EFlc~-GTP reduce the rate of actin polymerization as compared to actin alone. However, when phe-tRNA is allowed to bind Figure 9 . The effect of aminoacyl-tRNA binding on the ability of EFla to alter aetin polymerization. At time zero, G-actin was added to PME in the presence of no EFlet, freshly isolated EFla, EFla and aminoacyl-tRNA, EFla-GTP, and EFla-GTP-aminoacyl tRNA, as indicated. The concentrations were 3 ixM actin, 1 p.M EFlc~, and 0.8 p~M aminoacyl-tRNA.
GTP-EFla and this complex is added to the actin polymerization assay, a restoration of normal rate of actin polymerization is observed. When phe-tRNA was included with EFla in the absence of GTP, a small reduction of the inhibition of actin polymerization was still observed, suggesting that some of the EFla as purified is a mixture of GTP and GDP forms and that the GTP form is aminoacyltRNA binding--competent in the absence of exogenous GTP.
Discussion
The Many Roles of EFla
Although EFla has been described as a translation factor for many years, increasing evidence suggests that EFIot may have other roles within the cell. EFlot binds and severs microtubules (Durso et al., 1994; Shiina et al., 1994) .
Other reports indicate that EFlet can activate phosphatidylinositol 4-kinase (Yang et al., 1993) and bind calmodulin (Kaur and Ruben, 1994) . The association of EFla with actin has been demonstrated by several labs both in vivo and in vitro (Dharmawardhane et al., 1991; Bassell et al., 1994a; Bektas et al., 1994; Collings et al., 1994; Edmonds et al., 1995 Edmonds et al., , 1996 ; however, the activities of EFlot with respect to actin have not been fully documented. Perhaps it should not be surprising that EFla possesses these other activities as it has been estimated that EFla is 14 times more abundant than the amount of specific aminoacyl-tRNA and up to 35 times more abundant than ribosomes within eukaryotic cells (Slobin, 1980) . We presume that the abundance of EFlet means that binding of even a fraction of EFla to F-actin would have significant consequences for cytoskeletal function within a cell. The role of actin and microtubules in the transport, anchorage, and regulation of the protein synthetic machinery has become an area of vigorous research, and it appears that the compartmentalization of this nondiffusible machinery may be key for its proper functioning (Bassell et al., 1994b) . The ability of EFla to sever microtubules and, as presented in this report, the ability of EFla to alter the rates of actin polymerization suggests that EFla may have an important role in establishing a cytoskeletal topography which is required for the spatial control of protein synthesis (Shiina et al., 1994; Condeelis, 1995) .
EFl a's Effects on Actin Dynamics Cannot Be Explained by Monomer Binding or Filament Capping
As demonstrated here, purified EFla decreases the rates of actin polymerization and depolymerization in a concentration-dependent fashion. EFla is an actin filamentbinding and -bundling protein. However, it is also reported to bind actin monomer cross-linked to Sepharose beads (Dharmawardhane et al., 1991) . None of our data indicates that the binding of EFlot to G-actin is inhibitory towards actin polymerization. Inhibition of actin polymerization occurs at EFla concentrations that are substoichiometric to G-actin (Figs. 2 and 5 a) . Using the Kd derived from monomer binding experiments (1.4 pLM, Fig. 4 ), we could not account for the extent of inhibition of actin polymerization even when we assumed each EFIot bound two actin monomers, and especially if the amount of EFlet that is expected to be bound to F-actin is accounted for (not shown). Experiments conducted using native gel electrophoresis also failed to show significant EFla-actin monomer interaction at concentrations below 1 IxM (data not shown). Furthermore, the observed data of Fig. 5 a appears cooperative, comparable to a binding curve with a hill coefficient of >3. This means that as a monomersequestering protein, EFla would have to bind >3 actin monomers to explain the appearance of the data of Fig. 5 a. In addition, EFla caused the actin critical concentration to decrease rather than increase, indicating that EFla is not involved in sequestering of actin monomers.
The inhibition of actin polymerization and depolymerization by EFla appears qualitatively similar to that of barbed end capping proteins (compare our Fig. 2 to Fig. 1 of Cooper and Pollard, 1985) . However, the affinity of EFlot for actin filaments is much weaker than the affinity of well-known capping proteins such as gelsolin (Kd < 0.1 nM; Lo et al., 1994; 0.3-0.5 nM in this report, Fig. 7 ) and capZ (Kd ~ 0.5 riM; Caldwell et al., 1989) , Furthermore, Fig. 3 demonstrates that EFloL can inhibit actin polymerization from gelsolin-capped actin filaments. This inhibition is concentration dependent showing a maximal inhibition at 0.5 IxM EFla, the same concentration for maximal inhibition as seen in the absence of gelsolin. Since polymerization rates from uncapped filaments can be inhibited by 78% (Fig. 5 a) , the fast-growing ends must also be inhibited, and hence EFloL can block polymerization from both ends of an actin filament. Therefore, EFla does not inhibit actin polymerization by selectively capping either end of the actin filament. Additionally, modeling the data of Fig. 5 a using a capping mechanism did not generate curves that fit the observed data regardless of whether we took into account the amount of EFla that would be bound to the sides of actin filaments (not shown).
EFlot also decreases the actin critical concentration (Fig. 6) , a result inconsistent with filament end capping.
For comparison, gelsolin was included in these experiments, which caused the actin critical concentration to increase towards that of the pointed end as previously reported (Selve and Wegner, 1986) . The effect of EFla on the critical concentration was furthermore not dependent on free barbed ends since gelsolin-capped filaments also had a lower critical concentration in the presence of EFlet (Fig. 6 c) .
Inhibition of Actin Polymerization by EFl a Requires Filament Bundling
Addition of EFla to a solution of actin monomers or filaments results in rapid bundle formation. At the earliest times assayed, filaments were gathered into bundles under the polymerization and depolymerization conditions used in this study. Bundling of filaments would lead to steric blockade of monomer addition to filament ends as the ends become buried in the growing bundle and/or become annealed because of their juxtapositioning in the bundle.
In Fig. 5 a, we demonstrate that a mechanism based on the bundling activity of EFla can account for the observed effect of EFlot on actin polymerization. Consistent with this model is the observation that agents that inhibit bundling by EFlot release the EFlot-mediated inhibition of actin polymerization. For example, increases in pH over the physiological range have been shown to convert the actinbinding activity of EFlct from cross-linking to single filament binding (Edmonds et al., 1996) . This is consistent with the identification of two actin-binding sites in EFlt~ with different pH sensitivities for actin binding (Liu et al., 1996b) and explains the association of EFltx with single actin filaments, filament branch points, and filament bundles in situ (Bassell et al., 1994; Liu et al., 1996a) . Transition of EFlot from cross-linking to monovalent filament binding occurs at the same pH as the loss of EFlot-mediated inhibition of actin polymerization ( Fig. 8 and Edmonds et al., 1995) , suggesting a causative relationship between bundling and inhibition of polymerization. Furthermore, the binding of EFlot to aminoacyl-tRNA has been shown to inhibit the bundling activity of EFlot (Liu et al., 1996b) . As seen in Fig. 9 , the addition of aminoacyl-tRNA to GTP-EFlot dramatically reduced the inhibition of actin polymerization by EFI~, again suggesting a causative relationship between EFlct-mediated bundling and the inhibition of actin polymerization.
The cross-linking of actin filaments by EFI~ is expected to slow actin depolymerization because more molecular bonds must be broken to release an actin subunit from a filament, and this was observed (Fig. 7) . The reduction in the rate of actin depolymerization is also expected to increase the amount of F-actin observed at steady state (i.e., reduce the actin critical concentration), and this was observed (Fig. 6 ). In addition, since filament ends within a bundle are not solution accessible and/or are annealed, it is also expected to take longer for the actin polymerization reaction to reach equilibrium, which we have also observed (Fig. 2, and data not shown) .
The ability of EFloL to bind actin monomer and short growing filaments also accounts for the nucleation activity of EFlot since the EFlct • F-actin complex is resistant to depolymerization. At low concentrations, EFlot binds and stabilizes F-actin (Fig. 7) and, as the monomer binding experiment of Fig. 4 shows, above 1 p,M EFlot binds a significant amount of actin monomer. This binding of actin monomer may cause the stabilization of actin oligomers that would act as actin nuclei and stimulate the initial actin polymerization rate as seen in Fig. 2 . Although the actin nuclei are initially capable of actin polymerization, they are also susceptible to end-burying/annealing as filaments elongate and F-actin bundles form. Therefore, the bundling mechanism is consistent with and explains all of the kinetic and steady-state effects of EFlot on actin polymerization and depolymerization.
Bundling Proteins and Actin Polymerization
There are many examples of proteins that bundle actin filaments as well as affect actin polymerization. There is not room here for a full discussion of this topic. However, we will mention a couple of relevant examples. Talin, an actinbinding protein present in focal contacts, is a pH-sensitive actin-bundling protein that can also nucleate actin polymerization (Goldman et al., 1994; Zhang et al., 1996) . Goldman et al. (1994) demonstrate, as we have shown here for EFla, that the nucleating effect of talin is only apparent at the onset of a polymerization experiment and that at later times in the experiment the polymerization rate may be slower in the presence of talin than in its absence. For an explanation of this behavior, these authors site the ability of talin to rapidly reduce the length distribution of actin filaments, which corresponds to actin filament nucleation, and subsequently anneal the actin filament/talin protein polymer network (Ruddies et al., 1993) , which corresponds to a reduction in the actin polymerization rate.
Another group of proteins, the synapsins, are neuronal phosphoproteins localized to the cytoplasmic surfaces of synaptic vesicles. Synapsins are believed to regulate neurotransmitter release by cross-linking vesicles into the actin cytoskeleton (Greengard et al., 1993) . Synapsins can bundle actin filaments and nucleate actin polymerization. Furthermore, unphosphorylated synapsin I inhibits actin depolymerization, increases the steady-state levels of F-actin relative to G-actin, decreases the apparent rate constant of actin polymerization, and causes actin to polymerize under nonpolymerizing salt concentrations (a property also observed with EFlot; data not shown). In other words, qualitatively, synapsin I displays nearly all of the properties toward actin polymerization that we have here demonstrated for EFlot. Fesce et al. (1992) have analyzed the effects of synapsin I on actin polymerization by fitting mathematical models to curves of actin polymerization versus time as well as to curves of the derivative of these curves (the rate of loss of actin monomer). This approach led Fesce et al. to conclude that synapsin I nucleates actin polymerization by binding 4 actin monomers and that polymerization from these nuclei occurs at a slow rate compared to actin alone. Assuming that synapsin I and EFlot affect actin polymerization by a similar mechanism, we propose that the reduction in polymerization rate by these proteins is due to burying/anneahng of filament ends as opposed to an effect on actin monomer. As noted, we have found that the dif-ference between the rate of actin polymerization in the presence and absence of EFlct is greater when the initial concentration of ends (the number concentration) is greater, indicating that the effect is dependent (in a non-first-order manner) on the concentration of preexisting filament ends. It is interesting that both groups came up with a mechanism that requires that three to four actin subunits are affected by one subunit of the protein of interest. Shiina et al. (1994) have detected a microtubule-severing activity of EFIot. We did not detect severing of actin filaments by EFla; instead, EFIot stabilized actin filaments from depolymerization. It is possible that conditions may be discovered that activate an actin-severing activity of EFIot. In addition, it is also possible that the nucleating activity of EFla could effectively decrease the filament length distribution, as has been postulated in the case of talin, which lowers actin filament length distribution (Kaufmann et al., 1991; Goldmann et al., 1994), giving the impression of severing by redistributing actin monomer onto numerous nuclei stabilized by EFlo~.
EFl a, Actin Binding, and Translation
EFlct binds to G-and F-actin and inhibits actin polymerization in both the GTP-bound and freshly isolated forms (Dharmawhardhane et al., 1991; Figs. 4 and 9, this report). In the GTP-bound form, EFloL also binds to aminoacyl tRNA at sites that overlap with the F-actin-binding sites (Liu et al., 1996b ). In the absence of aminoacyl-tRNA, EFlct will interact with F-actin to form cross-linked filaments that polymerize and depolymerize slowly and that exhibit a decreased critical concentration at steady state. These results predict that in vivo, filaments that are observed to interact with EFlct (Edmonds et al., 1995, 1996; Liu et al., 1996b) represent a less dynamic subset of filaments with polymerization properties different from those filaments not bound to EFlct. Upon binding of aminoacyltRNA to the GTP-bound form of EFIot to make the ternary complex, a reaction that appears to involve the direct interaction between EF1ot and aminoacyl tRNA-synthetase in vivo (Stapulionis and Deutscher, 1995), EFlct would be released from its cross-linking interaction with actin filaments, thereby supplying a high local concentration of ternary complex for polypeptide elongation. Small increases in pH around 7.0 bias the binding of EFIot to aminoacyl-tRNA over F-actin (Liu et al., 1996b ) and in vivo would regulate the availability of EFlct for translation and its binding to the actin cytoskeleton. This is consistent with the observation that small increases in pH are correlated with increases in protein synthesis in a variety of cell types (Liu et al., 1996a) .
Coincidentally, filaments released from binding to EFlct by aminoacyl-tRNA would return to a more dynamic state, undergoing more rapid polymerization, depolymerization, and/or physical rearrangements. This is consistent with several observations that small increases in pH are correlated with changes in vivo in the localization of EFlct with F-actin, reorganization of the actin cytoskeleton, and increases in cell locomotion (Aerts et ., 1995) . Therefore, the ability of EFIot to influence the assembly and structure of the actin cytoskeleton in vivo could be a key step regulating the transport, anchorage, and translation of mRNA on actin filaments.
